Background: Exposures to traffic-related air pollutants including polycyclic aromatic hydrocarbons (PAH) have been associated with the development and exacerbation of asthma. However, there is limited evidence on whether these pollutants are associated with the development of cockroach sensitization, a strong risk factor for urban asthma. We hypothesized that repeatedly high PAH exposure during childhood would be associated with increased risk of new cockroach sensitization. Methods: As part of the research being conducted by the Columbia Center for Children's Environmental Health (CCCEH) birth cohort study in New York, a spot urine sample was collected from children at age 5 years (2003)(2004)(2005)(2006)(2007)(2008) and again at age 9-10 years (2008)(2009)(2010)(2011)(2012); n ¼ 248) and analyzed for 10 PAH metabolites. Repeatedly high PAH (High-High) exposure was defined as measures above median for age 5 PAH metabolites at both time points. Child blood samples at age 5 and 9 years were analyzed for total, anti-cockroach, mouse, dust mite, cat and dog IgE. Relative risks (RR) were estimated with multivariable modified Poisson regression. Results: Individual PAH metabolite levels, except for 1-naphthol (1-OH-NAP), increased by 10-60% from age 5 to age 9-10. The prevalence of cockroach sensitization increased from 17.6% (33/188) at age 5 to 33.0% (62/188) at 9 years (p¼ 0.001). After controlling for potential covariates including cockroach sensitization at age 5 in regression analyses, positive associations were found between repeatedly high exposure (High-High) to 1-OH-NAP, 3-hydroxyphenanthrene (3-OH-PHEN), or 1-hydroxypyrene (1-OH-PYR) and cockroach sensitization at age 9 (p-values o0.05). Conclusions: Repeatedly high levels of urinary PAH metabolites during childhood may increase likelihood of sensitization to cockroach allergen in urban inner-city children at age 9 years.
Introduction
Allergic sensitization is a key risk factor for the development of allergic diseases such as asthma, rhinitis, and eczema (Pawankar et al., 2011) . In particular, sensitization to cockroach allergen combined with high allergen exposure is one of the strongest identified risk factors for more severe asthma in inner-city children (Rosenstreich et al., 1997; Togias et al., 2010) . Similarly, our group at the Columbia Center for Children's Environmental Health (CCCEH) showed that early sensitization to cockroach and mouse allergens, pervasive urban environmental allergens, increased the risk of wheeze, rhinitis and atopic dermatitis among inner-city children aged 2-3 years (Chang et al., 2010; Donohue et al., 2008) .
While many epidemiological studies have demonstrated that long-term exposure to traffic-related air pollution (e.g., particulate matter less than 2.5 mm (PM 2.5 ) and polycyclic aromatic hydrocarbons (PAH)) were associated with the increased risk of developing asthma and asthma-related symptoms in children (Gehring et al., 2010; Jung et al., 2012; McConnell et al., 2010) , it is less clear whether traffic-related air pollutants contribute to the development of allergic sensitization given inconsistent results. For example, while few studies reported positive associations between long-term exposure to outdoor traffic-related air pollution (e.g., PM 2.5 , PM 2.5 absorbance and NO x ) and allergic sensitization to outdoor allergens (i.e., pollen) (Morgenstern et al., 2008; Nordling et al., 2008) , a meta-analysis on five European Birth prospective cohort studies (i.e., BAMSE-Sweden, LISAplus and GINIplus-Germany, MASS-Great Britain, and PIAMA-The Netherlands) indicated that the long-term exposure to those air pollutants was not associated with the development of allergic sensitization in children (Gruzieva et al., 2013) . To date, most epidemiologic studies of air pollution and allergic sensitization have been extensively focused on outdoor air pollution from traffic sources. However, investigations on the effect of PAH, which are important constituents of traffic-related air pollution as well as indoor air pollution (Jung et al., 2010) , on the development of allergic sensitization, are scarce.
PAH are a class of ubiquitous environmental pollutants produced during the incomplete combustion of organic materials. Urban children are exposed to high levels of lower-molecularweight semivolatile PAH such as phenanthrene and pyrene from indoor sources (e.g., space heating, cooking, smoking, burning incense or candles) as well as higher-molecular weight nonvolatile PAH (e.g., benzo[a]pyrene) from outdoor traffic source (Jung et al., 2010) . In addition to exposure during inhalation, children also may be exposed to PAH through ingestion of food containing PAH such as grilled and charred meats, and through dermal contact with PAH contaminated water or soil (ATSDR, 1995) . Hence, measures of urinary PAH metabolites indicate children's overall exposure levels that are integrated from inhaled, dietary, and dermal absorption.
The present study focused on the development of cockroach sensitization, in particular, because of substantially higher prevalence of cockroach sensitization in our inner-city cohort (17.6-33.0%) compared to nationally (Salo et al., 2014) , and its large contribution to increased asthma morbidity and recurrent wheezing in children living in the US inner cities (De Vera et al., 2003; Wang et al., 2009) . We previously reported that increased levels of PAH metabolites in single spot urine were associated with higher anti-mouse IgE among young inner-city children 5 years of age in cross-sectional analyses (Miller et al., 2010) . Also, young children with higher prenatal exposure to PAH combined with prenatal cockroach allergen exposure had a greater risk of developing cockroach allergic sensitization at the ages of 5-7 years, compared to those with lower PAH exposure (Perzanowski et al., 2013) . These results suggest that single measures of PAH exposure at either prenatal or age 5 may be associated with a greater likelihood of sensitization to mouse or cockroach allergens. Yet, to date, the prediction of repeated measures of exposure to PAH during early childhood and preadolescent period, that may represent long-term exposure in childhood, in the development of cockroach and other indoor allergen sensitization has not been addressed.
The goal of this study was to examine whether repeated measures of PAH exposure, at age 5 (early childhood) and again at age 9-10 years (preadolescent), is associated with the development of sensitization to cockroach allergens among inner-city children. We hypothesized that these surrogates for chronic PAH exposure would be associated with increased risk of new cockroach sensitization in this age group. Our approach was to examine data collected longitudinally from the CCCEH cohort at two ages during childhood (5, 9-10 years) when PAH exposure assessments and phenotypic outcomes were measured comprehensively.
Methods

Study population
A total of 727 nonsmoking, pregnant African American or Dominican women aged 18-35 living in Northern Manhattan and the South Bronx were enrolled between March 1998 and August 2006 and their children were followed prospectively (Miller et al., 2004; Perera et al., 2003) . The mother of the child was compensated for study participation at both ages 5 and 9-10 years. Questionnaires were administered to the participants prenatally, every 3 months through age 2 years, subsequently every 6 months through age 5 years, and annually thereafter. Environmental tobacco smoke (ETS) exposure during pregnancy and cockroach or mouse allergen exposure were assessed by questionnaire. The study was approved by the Columbia University Institutional Review Board and written informed consent was obtained from all study participants. The Centers for Disease Control and Prevention (CDC) laboratory was determined not to be engaged in human subjects research since no personally identifiable information was made available to CDC researchers.
PAH assessment
Measures of PAH metabolites excreted in the urine, especially 1-hydroxypyrene (1-OH-PYR) the main metabolite of pyrene, have been used as a biomarker of PAH exposure from inhaled, dietary and dermal routes (Brant and Watson, 2003; Li et al., 2010) . A spot urine sample was collected from each child at clinic visits at age 5 years (2003) (2004) (2005) (2006) (2007) (2008) ; n ¼434) and again at home visit at age 9-10 years (2008) (2009) (2010) (2011) (2012) ; n ¼258). Samples were stored at À 80°C until they were shipped frozen on dry ice to the CDC for PAH metabolite analysis. Of the 258 children with age 9-10 urinary sample, 248 children had age 5 urinary samples (Fig. 1) . The urinary concentrations of 10 PAH metabolites were measured at CDC using a method described in detail previously (Li et al., 2014) . In brief, urine samples (1 mL) were first spiked with 13 C-labeled internal standards, subjected to overnight enzymatic deconjugation, and followed by semi-automated liquid-liquid extraction. The sample extracts were thereafter evaporated, re-constituted, and derivatized to yield the trimethylsilyl derivatives of the OH-PAHs. Analytical measurement was performed by isotope dilution gas chromatography tandem mass spectrometry (GC-MS/MS). Each OH-PAH analyte had its own 13 C-labeled internal standard used for quantification. All OH-PAH analyses were subjected to a series of quality control and quality assurance checks as described elsewhere (Li et al., 2014) . Two quality control materials (QCs)-QC High and QC Low-were prepared by spiking standard mixture into anonymous urine pools, and were analyzed along with each run of the urine samples. The coefficients of variation of the OH-PAH concentrations in the QC High and QC Low from 30 runs over a 3-month period were 4.7 À 13%. The limits of detection for the analytical method ranged 1-18 ng/L, and the detection frequency ranged 68-100% for the 10 OH-PAHs in this study.
Specific gravity (SG) levels were measured using a handheld refractometer to permit adjustment for dilution of the urine. Urinary PAH metabolite concentrations were adjusted by specific gravity using a formula developed by Hauser et al. (2004) and adapted to a pediatric population, consistent with prior analyses (Hauser et al., 2004; Jung et al., 2014; Miller et al., 2010) . The ten metabolites of PAH monitored were: 1-naphthol (1-OH-NAP), 2-naphthol (2-OH-NAP), 2-hydroxyfluorene (2-OH-FLUO), 3-hydroxyfluorene (3-OH-FLUO), 9-hydroxyfluorene (9-OH-FLUO), 1-hydroxyphenanthrene (1-OH-PHEN), 2-hydroxyphenanthrene (2-OH-PHEN), 3-hydroxyphenanthrene (3-OH-PHEN), 4-hydroxyphenanthrene (4-OH-PHEN), and 1-OH-PYR.
Seroatopy
Serum samples were collected at age 5 (n¼489) and 9 (n¼229). Total and specific immunoglobulin (Ig) E to German cockroach, mouse, cat, dog, and Dermatophagoides farinae were measured from sera using Immunocap (Phadia, Uppsala, Sweden), as described (Donohue et al., 2008) . All total and specific IgE were measured in duplicate; and the average values of two measures, after re-evaluating any out-of-range values, were used for analysis. Allergenspecific IgE levels of 0.35 IU/mL or greater were considered positive. Children with total IgEZ80 IU/mL were considered seroatopic.
Cockroach allergen exposure
Cockroach allergen exposure was assessed by questionnaires administered to the mother by asking "How often do you see cockroaches in your home/apartment" at child's ages 5 and 9 years. They were given five choices of answers as follows: Never, rarely, less than weekly, weekly, and daily. Children were considered to be exposed to cockroach allergen if they reported cockroaches seen at least weekly.
Statistical analysis
Analyses were restricted to children who had completed PAH metabolite and cockroach IgE levels measured at both 5 and 9 years, with a final sample size of 188 (Fig. 1) . Proportion was calculated for categorical characteristics of the samples included and excluded from the current analysis. Chi-square test was used to detect difference in the proportions between the two samples. Spearman correlation coefficient was calculated for correlation in PAH metabolites between measures at ages 5 and 9-10 while McNemar test was used to detect differences between paired proportions at the two ages. The change in proportion of variables of interest from age 5 to age 9-10 was examined by a model for binary repeated measures. To obtain a measure for exposure pattern in each individual PAH compound, we first dichotomized the SG adjusted urinary PAH metabolites (ages 5 and 9-10) at their median values of age 5 measures. Then we categorized the repeated measures of PAH metabolites for each child into four groups (age 5-age 9-10: High-High [repeatedly high], High-Low, Low-High vs. Low-Low [reference]) for each individual PAH compound. To assess the associations between the composed variables for the repeated PAH measures at ages 5 and 9-10 and allergic sensitization at age 9, we used a modified Poisson regression for the dichotomous outcome (yes vs. no cockroach sensitization at age 9), with and without controlling for potential confounding factors of sex, race/ethnicity, maternal asthma, prenatal ETS exposure, cockroach allergen exposure (either at age 5 or 9) and cockroach sensitization at age 5. To aid interpretation of result, we derived relative risk (RR) along with 95% confidence interval (CI) from the estimated models fit to the data.
Data analysis was conducted with SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). All tests were two-sided with significance level of 0.05. Table 1 shows that children included in analyses did not differ in the variables from the CCCEH children who were excluded from the analysis due to missing data, except that they had a higher proportion of African Americans and a slightly higher proportion of common mouse sightings at both ages. Among those included, 37.7% reported cockroach sightings at least weekly at age 5 with a lower rate at age 9 (19.3%) (McNemar test: p o0.001). The prevalence of cockroach sensitization was higher in boys than in girls at both ages (19/87 [21.8%] 
Results
Cohort characteristics
PAH metabolites
Levels of 10 urinary PAH metabolites at ages 5 and 9-10, in comparison with those in representative samples of US children ages 6-11 in the National Health and Nutrition Examination Survey (NHANES), are shown in Table 2 . Naphthol isomers (i.e., 1-OH-NAP and 2-OH-NAP) were the most abundant compounds among the measured individual PAH metabolites (480% of total sum of 10 PAH at both ages). Geometric mean concentrations (fresh weight; not specific gravity adjusted) of the metabolites were 1.0-2.5 times higher in the CCCEH cohort when compared with the NHANES cohort (fresh weight) ( Table 2) .
Repeated PAH metabolites and cockroach sensitization
Individual PAH metabolite levels, except for 1-OH-NAP, increased by 10-60% from age 5 to age 9-10 (Table 2, SG adjusted). The concentrations of PAH metabolites, except for 1-OH-NAP, were correlated between ages 5 and 9-10 years with Spearman correlation ranging between 0.17 and 0.39 (Table 2 ). The prevalence of cockroach sensitization significantly increased between age 5 (33/ 188 [17.6%]) and 9 years (62/188 [33.0%]) (Table 3 . McNemar test: po 0.001). Similar trends were observed for any specific or positive total IgE (total IgEZ 80 IU/mL) ( Table 3 ). In models without covariate adjustment, neither repeatedly high PAH metabolites (High-High) nor other exposure groups (High-Low or Low-High) were at significantly increased risk of cockroach sensitization at age 9, when compared to the reference group (data not shown).
After controlling for covariates, the models revealed a statistically significant increase in the risk of cockroach sensitization at age 9 with the repeatedly High-High 3-OH-PHEN compared to the reference group (Table 4 total nor any positive indoor allergen-specific IgE were associated with PAH measures (data not shown).
Discussion
In this prospective birth cohort, we found that repeatedly high levels of PAH metabolites during childhood were associated with new sensitization to cockroach at age 9 years. To our knowledge, this is the first study to report an association between measures of PAH exposure over childhood and the development of new cockroach sensitization in urban children. These findings are important given the wealth of data demonstrating that cockroach sensitization is common and associated with developing or exacerbating pediatric asthma (Donohue et al., 2008; Rosenstreich et al., 1997; Togias et al., 2010) .
The strengths of the study include the longitudinal study design that includes repeat measures of PAH metabolites and cockroach IgE levels. The results from multi-level PAH analysis revealed that repeatedly high exposure to PAHs (High-High) during childhood, but not other exposure categories (High-Low or Low-High), were associated with the development of cockroach sensitization. These results are consistent with other reports that early life exposure to cockroach allergen (e.g., Bla g 1 and Bla g 2) and during early childhood has been associated with cockroach sensitization (Huss et al., 2001; Perzanowski et al., 2013) . Another strength was our ability to control for reported cockroach allergen exposure, previously correlated with cockroach allergen (Bla g 2) levels in dust samples (Rauh et al., 2002) , to discern the independent association of PAHs on cockroach sensitization.
We used urinary PAH metabolites as our exposure metrics. The levels of PAH metabolites significantly increased from age 5 to age 9-10 with minimal correlations with each other, suggesting increases in levels inhaled and ingested over time. Supporting the former explanation, we recently found a significant increase in residential indoor PAH levels between age 5-6 and 9-10, possibly due to increased use of gas stoves for cooking and residential burning of more contaminated dirty heating oil (Jung et al., 2014) . However, given the minimal correlation of airborne pyrene with 1-OH-PYR previously observed in our CCCEH cohort at age 9-10 (Jung et al., 2014) , dietary intake also may have contributed to the increased levels. For example, more frequent consumption of high PAH containing foods, such as grilled/ smoked foods, may occur with childhood aging and may contribute to an elevation in 1-OH-PYR levels over time (Gidding et al., 2005; Kudlová and Schneidrová, 2012) . To distinguish further the impact of airborne versus urinary PAH on cockroach sensitization, additional exploratory models replaced 1-OH-PYR with airborne pyrene measures. Despite the small sample size (n ¼104), repeatedly high levels of airborne pyrene also appeared associated with cockroach sensitization at age 9 (median ¼1.01 ng/m³, RR [95% CI]; 1.67 [0.98-2.86], p ¼ 0.06). Collectively, these data suggest that the effect of PAH on cockroach sensitization may occur through the airways while the contribution of ingested PAHs to the development of cockroach sensitization also should be considered. a Model adjusted for ethnicity, sex, maternal asthma, prenatal ETS, the report of cockroach sightings common either at age 5 or 9, and cockroach sensitization at age 5. b The median level of individual S.G. adjusted PAH metabolites at age 5 was used to obtain a measure of high/low exposure at ages 5 and 9-10 years. n po 0.05.
Unlike this study that focuses on measures of PAH over time specifically, previous studies with outdoor ambient monitoring were unable to detect significant positive associations between traffic-related air pollutants (e.g., PM 2.5 , PM 2.5 absorbance and NO x ) and sensitization to inhalant allergens (Brauer et al., 2007; Gehring et al., 2010; Gruzieva et al., 2013) , except for a few that focused on outdoor pollens (Morgenstern et al., 2008; Wyler et al., 2000) . The present association with PAH also differs from what we showed previously in this cohort when we used concurrent proximity to highway, a proxy for any outdoor traffic-related air pollution exposure at the earlier ages between 2 and 5 years (Patel et al., 2011) . In that study, concurrent proximity to highway was associated with total IgE, but not with any indoor allergen-specific IgE at the earlier ages (i.e., German cockroach, cat, mouse, dog, and D. farinae) between 2 and 5 years (Patel et al., 2011) . Given positive associations exclusively with outdoor pollens observed in other cohorts, increase in total IgE could be due to elevation in outdoor pollen IgE levels. Yet this association with indoor allergen sensitization and PAH metabolites now observed seems to be consistent with our previously reported positive associations between PAH levels measured in single spot urine and mouse sensitization at age 5 (Miller et al., 2010) . Hence, the current study finding provides further evidence that chronic exposure to PAH specifically during childhood may increase risk of developing cockroach sensitization.
While the mechanism underlying the relationship between cockroach allergen exposure and sensitization may not be clear, one could postulate that exposure to cockroach and other indoor allergens results in increased antigen presentation leading to the development of an allergic immune response. For example, enhanced cockroach-derived protease activity may upregulate protease-activated receptor-2 leading to greater penetration of allergen proteins into human airway epithelial cells and epidermis (Hong et al., 2004; Jeong et al., 2008) . Alternately, indoor airborne particles may not only contain gaseous/particulate pollutants such as PAH but also can carry indoor allergens derived from mouse or cockroach to enhance the likelihood of indoor allergen sensitization (Platts-Mills et al., 1986) .
Previous experimental studies also have demonstrated that PAH exposure in particular may induce allergic sensitization. For example, exposure to phenanthrene has been shown to increase IgE production in vitro (Tsien et al., 1997) and act in vivo as an adjuvant for development of total and ragweed-specific IgE in the human respiratory mucosa (Saxon and Diaz-Sanchez, 2000) . Also, there is evidence that exposure to pyrene can induce production of proallergic cytokine IL-4 in primary human T cells (Bömmel et al., 2000) . Similarly, administration of several metabolites of benzo(a) pyrene (BaP) such as BaP-Quinones also enhanced IgE-mediated IL-4 production in human basophils (Kepley et al., 2003) . Nevertheless, there are no reported experimental models of chronic and repeated PAH measures and sensitization to cockroach allergen specifically.
Our earlier cross-sectional report on positive associations of PAH metabolite levels with mouse IgE at age 5 (Miller et al., 2010) were not seen in our present prospective longitudinal study, with outcomes measured at age 9. Possible explanations may include differences in study design (cross-sectional vs. longitudinal), timing of greater PAH exposure (age 5 vs. age 9-10), as well as measures of different duration of exposure (single time vs. repeated measures over time). Given the previously observed association between PAH exposure and mouse IgE at age 5, we repeated the same statistical analyses, but restricted to those included for the present study and positive associations were not found. The previously observed associations were driven by children who were excluded from the present study due to missing age 9 measures, limiting the model. Despite similarities in most major demographic characteristics between the two included/excluded groups, a selection bias may have been introduced. This study had several limitations. The sample size was small because only a subset of children completed age 9-10 urine collections. Second, we combined reported cockroach allergen exposure either at age 5 or 9 to maximize the sample size and statistical power, although allergen exposure at different ages could be potentially independent predictor for allergic sensitization (Perzanowski et al., 2013) . However, 66% of subjects reported the same response to cockroach sightings between two age points. Further, the main results remained the same, even after controlling for reported cockroach allergen exposure at each age separately. Third, twenty five percent (47/188) of age 9-10 PAH metabolites were measured after age 9 serum collections while seventy five percent of them were measured prior to the serum collections. To minimize this limitation, we further controlled for age-related differences in PAH exposure assessment in the model; results remained the same (data not shown). Fourth, we were not able to capture cockroach allergen exposure at school that also has been shown to be an important source of cockroach and mouse allergen exposures (Huffaker and Phipatanakul, 2014) . Lastly, the half-lives of PAH metabolites are relatively short: following dietary exposure (2.5-6.1 h) (Li et al., 2012) and inhalation exposure (6-35 h) (Jongeneelen et al., 1990), reflecting short-term exposure. Nevertheless, a study of repeat measures of PAH metabolites during an Relative risk estimates of cockroach sensitization associated with each combination of age 5 and age 9-10 years urinary PAH metabolite levels (Low-High, High-Low, and High-High vs. Low-Low), adjusting for ethnicity, sex, maternal asthma, prenatal ETS, the report of cockroach sightings common either at age 5 or 9, and cockroach sensitization at age 5; *p-value o 0.05; 1-naphthol (1-OH-NAP), 3-hydroxyphenanthrene (3-OH-PHEN).
8-consecutive days reported that 1-OH-PYR has relatively high reproducibility and lower within-subject variability over time (e.g., intraclass correlation coefficients (ICC) of 1-OH-PYR¼ 0.55-0.76) (Li et al., 2009) . Given observed significant correlations between age 5 and age 9-10 PAH metabolite levels (rho¼ 0.17-0.39; po0.001 except for 1-OH-NAP), the use of PAH measures from repeat spot urine samples likely reflects chronic exposure.
Conclusion
Levels of PAH metabolites among the CCCEH children that live in New York City are substantially higher than US national reference values suggesting possible greater risk for PAH-associated diseases. Here we report that repeated high measures of PAH exposure at two ages increased the risk of developing sensitization to cockroach allergen in children between the ages of 5 and 9 years. To our knowledge, this is the first report on the incidence of allergen-specific sensitization associated with presumably repeated high PAH exposure during childhood. Our findings offer further evidence that early childhood and preadolescent period are important time windows of exposure for the development of sensitization to cockroach allergen, consistent with reports about other allergens (e.g., Alternaria, Bermuda grass, careless weed and olive, mesquite and mulberry tree allergens) (Stern et al., 2004) . Given the well-established link between cockroach sensitization and the risk of asthma (Rosenstreich et al., 1997; Togias et al., 2010) , reduction in PAH exposure by altering a high PAH diet and by reducing the sources of ambient PAH (e.g., ETS exposure, gas cooking, heating oil combustion, and traffic emission) could reduce cockroach sensitization and thus prevent adverse respiratory outcomes during childhood especially in urban inner-city communities.
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